Abstract-The effect of users on the efficiency of mobile terminal antennas at 15 GHz, 28 GHz and 60 GHz is studied in this paper. It is performed using three four-element planar arrays. The first operates at 15 GHz with a bandwidth of 0.74 GHz, the second at 28 GHz with a bandwidth of 2.5 GHz and finally the third antenna at 60 GHz with bandwidth of 12.5 GHz. The effect of a user's finger is studied when being placed on four different locations over each antenna element, with six distances between the antenna and user's index finger. The losses due to the increased shadowing are studied in terms of radiation efficiency (RE), matching efficiency (ME) and two additional multiple-input-multiple-output (MIMO) parameters, i.e., envelop correlation coefficient (ECC) and multiplexing efficiency (MUX). For antennas operating at 28 and 60 GHz, the minimum frequency shift is observed when the finger is placed at 1.5 mm distance from the antenna, whereas for 15 GHz, the minimum resonance shift is observed when the finger is at 2 mm distance. Losses of up to 80% and 70% are observed for RE and MUX, respectively, when the finger is placed at 0 mm for all antennas compared to the case without user (WU). Finally, it is observed that the ME and ECC losses are insignificant regardless of the antenna and finger variation.
INTRODUCTION
With rapidly increased number of mobile communication users, the spectrum resources in the current cellular band (below 6 GHz) are insufficient to satisfy the increasing demand on data throughput. Therefore, the advancement in millimeter-wave (mmWave) technologies, coupled with large amountShadowing losses, along with increased path loss and multipath can be mitigated by using directional antennas [8] . To address these challenges, beamforming has been proposed as one of the methods to overcome the path loss at both mobile and base station in such high frequencies [9] . Several antenna types considered for end users mobile devices at mmWave frequencies have been aimed at providing beam steerable antenna array and high gain. Beside gain, several phased antenna arrays for mmWave have been proposed in [10, 11] , and an investigation of human body effects at 15 GHz using a phased array is presented in [12] . Moreover, antennas in the mmWave frequency needs to be able to be integrated in or collocated in proximity of the RF transceiver [13] .
Besides the antenna characteristics, another aspect that needs to be investigated in mmWave mobile application is the effect of users. This is to ensure that the effects of users on mobile terminal antennas for 5G communication systems can be properly estimated. This paper investigates the effects of user finger's loading on the performance of mobile terminal antenna at 15, 28 and 60 GHz using simulations. For the first time, to the best of the authors' knowledge, this is performed in terms of RE, ME, ECC, and MUX using user's index finger for these frequencies. First, detailed antenna designs will be presented, followed by the effects of finger loading on antenna scattering parameters. Next, the results of RE and ME for all antennas with different index finger locations will be discussed, prior to several concluding remarks.
PLANAR 4-PORT ANTENNAS FOR 15/28/60 GHZ MOBILE TERMINAL

Antenna Configuration
The proposed array designs for 15, 28, and 60 GHz are printed on a same Rogers (RO3003) substrate with relative permittivity ε r = 3, loss tangent 0.0013, and thickness 0.13 mm. The substrate for all 15, 28, and 60 GHz mobile terminal antennas is sized at 55 × 110 mm 2 as illustrated in Figures 1(a) , (b), and (c), respectively. To ensure a fair comparison, several design strategies are outlined. Firstly, the radiating element of the array is located on the same (fully metalized) side of the substrate, with their radiator designed inside a slotted area of size 2.2 × 5.3 mm 2 . Secondly, the edge-to-edge distance in each slotted area (where each antenna element (AE) is located) is standardized to λ/2. Next, a same feeding mechanism is utilized: a 50 Ω transmission line on the reverse side of the substrate. Power is then fed to the radiating elements by connecting this transmission line using a metallic via of radius 0.14 mm. To enable specific resonances, an inverted C-shape is used as the 15 GHz antenna. Meanwhile, the 28 GHz antenna is designed based on a rectangular-based patch chamfered at two of its edges (by 0.55 mm). Finally, the 60 GHz array is formed by using four L-shaped radiators, see Figure 1 Due to the large amount of computational resources required to simulate a user hand above 15 GHz, a finger is used to simplify this study. To study the effects of this finger, a 3D model of a user's index finger was used (see Figure 1 (a) to Figure 1(c) ). The dimensions of the index finger were 12 mm in height, 78 mm in length, and 17 mm in width. For all antennas, the finger model is placed at four different positions (P1, P2, P3, and P4) on top of each antenna element (see Figure 1 (a) to Figure 1(c) ). The tissue properties of the finger phantom are defined using ε r and conductivity (ρ) as follows: 15 GHz (ε r = 31; ρ = 18.8 S/m), 28 GHz (ε r = 18.9; ρ = 31.91 S/m) and 60 GHz (ε r = 7.98; ρ = 36.38 S/m) [14] .
Antennas Scattering Parameters
All simulations were performed using the time domain solver in CST microwave studio software. The reflection coefficients (S 11 ) of the single antenna element designed for 15, 28 and 60 GHz are similar in free space (FS) due to their symmetry. Only S 11 for Antenna-1 in the 15, 28, and 60 GHz arrays and their inter-element isolations (S 12 , S 13 , S 14 , S 23 , S 24 and S 34 ) are presented in Figures 2(a) , (b) and (c). It is observed that the maximum inter-element isolation for the scenario without user (WU) is −20 dB, −21 dB and −23 dB for 15, 28, and 60 GHz, respectively.
The user finger is simulated on top of Antenna-1 from 15, 28 and 60 GHz arrays at six different heights, and their S 11 are shown in Figures 3(a) , (b) and (c). The behaviors of all other antenna elements (Antenna-2, 3 and 4) are found similar. Severe upwards resonance shifts are observed when the finger is placed with less than 2 mm distance from the antenna for the 15 GHz array, and less than 1.5 mm for 28 and 60 GHz arrays. On the contrary, minimum shifts of up to 0.22 GHz, 0.1 GHz and 0.15 GHz are observed for 15, 28 and 60 GHz, respectively, when the distance of the user finger above the antenna element is 1.5 mm. This value remains almost constant despite varying distances up to 2.5 mm with fluctuations in matching. Previous researchers also observed that at mmWaves, an air gap of 0 to 2 mm between the antennas and human skin decreases the transmission [15] . 
IMPACT OF USERS ON ANTENNA ELECTROMAGNETIC RADIATION CHARACTERISTIC
Users may hold the mobile in varying methods, and the degree of the hand impact depends on the antenna (size, design, near-field distribution and location) and the grip (position of the finger w.r.t. the antenna, obstructed antenna area and palm-handset distance). The implementation of more than one antenna enables the use of alternate antennas in the event that one of the intended antenna is significantly affected by the user. A realistic finger phantom is simulated at 15, 28 and 60 GHz when being aligned along the y-axis so that the tip of the finger lies on the center of the antenna element. The effect of the finger's distance (in the z-axis) is then studied parametrically from 0 to 2.5 mm for all antennas, with a specific focus on the variation in RE and ME.
Effect of User's on Antenna Radiation Efficiency
Accurately determining antenna efficiency using full wave simulator is not straightforward due to the material losses and mismatches besides the inaccuracies of conventional pattern computation methods [14] . This is because the losses in the medium that affects the wave in the far-field region attenuate more rapidly and finally become zero. Antenna performance degradation caused by the proximity of the user's finger is expected due to the existence of lossy materials within the antenna near field [16] . In this work, the behaviors of efficiency in the mmWave bands (15, 28 and 60 GHz) are studied by placing a user's index finger on top of the antenna element for all three antenna cases at four different locations. The efficiencies extracted from each antenna element within its 10-dB bandwidth are averaged in this study. Figures 5(a) , (b) and (c) show the average RE for all arrays with different finger distances along the z-axis (on top of antenna element). It is shown that with the increase in the separation distance, RE is gradually increased. At least 2 mm separation between the antenna and finger is required at 15 GHz, while a 1.5 mm distance is needed at 28 and 60 GHz. These separations allowed these antennas to radiate moderate energy (larger than 40%) which are considered as an acceptable range for 5G massive MIMO application [3, 17] . Beyond these distances, small amounts of RE improvements are observed. These worst-case distances of 2 mm (at 15 GHz) and 1.5 mm (at 28 and 60 GHz) are chosen to be further analyzed for all antennas cases. This is due to the decoupling of the finger and its losses from the reactive near field of the antenna. Figures 6(a) , (b) and (c) show the average RE for 15, 28 and 60 GHz, respectively, when the index finger is placed at distance of 2 mm (15 GHz) and 1.5 mm (for 28 and 60 GHz) above the antenna elements at four different locations (P1, P2, P3, and P4). The variation of user's finger is done by moving it on the vertical axis of the chassis in 2 mm interval for all antenna cases (see Figures 1(a), (b) , and (c)). As expected for the WU cases, the average RE for each antenna element is observed to be about 80% for 15 GHz, and 95% for both 28 and 60 GHz antennas due to the low losses in the RO3003 (a) (b) (c) Figure 5 . Average radiation efficiency with the variation of the distances between the antenna and the index finger: (a) at 15 GHz, (b) at 28 GHz, and (c) at 60 GHz.
(a) (b) (c) Figure 6 . Average radiation efficiency with the variation of finger position: (a) 2 mm at 15 GHz, (b) 1.5 mm at 28 GHz, and (c) 1.5 mm at 60 GHz.
substrate. As the finger location is varied along the negative y-axis, the RE is gradually increased relative to the WU scenario, especially for those antennas which are furthest from the index finger. RE is decreased immediately when the user's finger is placed exactly on top of the antenna element due to the shadowing effect. From this study it is observed that the RE at mmWave bands is severely affected when the antenna is in close proximity to the user. Two solutions can be used to mitigate the degradation of RE. The first is to design a radome over the antenna element with an appropriate distance. This is expected to create more clearance between the radiating antenna element and the user in the future user's devices. The second method is to increase the number of antenna elements. However, this technique must be implemented with care as to not allow mutual coupling between the antenna elements to further degrade the antenna performance.
Effect of User's on Antenna Matching Efficiency
Dielectric loading by the finger on the antenna results in either resonance detuning or mismatch. Figures 7(a) and 7(b) illustrate the average ME at distances of 0.5 mm and 2.5 mm for the 15 GHz antenna, for five different scenarios, i.e., the WU case and four different finger locations. Similarly, Figures 8(a) and 8(b) show the average ME at distances of 0.5 mm and 2.5 mm for the 28 GHz antenna. Same distances have been chosen for both antenna cases to see the effect of ME when the antenna is in close proximity to user. Finally, the average ME for the 60 GHz antenna for the five scenarios is depicted in Figures 9(a) and (b) . The reason behind choosing only minimum and maximum distances is to quantify the effects of the finger on the antenna ME at 15, 28 and 60 GHz. It is noticed from Figures 7, 8 and 9 that the ME fluctuates slightly at all frequencies and is not significantly affected by the user finger because of the wider bandwidth of each antenna which still allows the antenna to operate in required frequency region.
IMPACT OF USERS ON ANTENNA'S MIMO PERFORMANCE
The deployment of mobile mmWave systems for high speed data communication is expected to be supported by essential antenna-related technologies such as MIMO and diversity techniques. In both systems, the impact of users may strongly affect antenna design parameters. For example, the radiation patterns from these terminal antennas in centimeter and mmWave bands are more directive with a smaller angular spread [18] . Thus, the effects of the propagation environment will be more sensitive to the MIMO performance of mobile terminals in these frequency bands. For MIMO performance in mobile terminals, the considered parameters include ECC and MUX (see Equations (1) and (2)), which (a) (b) Figure 9 . Average matching efficiency when index finger is placed at (a) 0.5 mm and (b) 2.5 mm from the antenna elements for 60 GHz.
are evaluated according to [19, 20] ;
where E i (θ, φ) is the complex 3D radiated field pattern for antenna i, XPR the cross polarization field components in the environment, P θ,φ (Ω) the wave distribution of the specific φ, θ angular directions, and
where η ij is the total efficiency of ith and jth antennas, and |m| is the magnitude of the complex correlation between the two antennas. Due to its unique expression, MUX is ideal for evaluating the effectiveness of MIMO mobile terminal antennas, as it also yields results consistent with those obtained from link-level performance evaluations of MIMO antennas [21] .
Effect of User's on Antenna ECC and MUX
In this section, the envelop correlation coefficient and multiplexing efficiency of each antenna configuration is calculated by using the simulated embedded far-field radiation patterns in a uniform isotropic environment. Figures 10, 11 , and 12 compare the ECC and MUX assessed in FS (without user) with user for each antenna case. It is observed that the ECC results are well below the maximum limits. Since all investigated designs have shown low ECC values in both scenarios (in FS and with user), the MIMO study is then extended to the evaluations of MUX. To effectively consider the user's effects in evaluating MUX, the same user's finger positions on top of the antenna provided in Section 3.1 for RE are considered. The antenna's total efficiency is calculated at the six different finger distances above the antennas. Average ECC and average MUX for different distances from the antenna (0 mm to 2.5 mm) at location P1 for all antennas are shown in Figure 10 (b), Figure 11 (b), and Figure 12(b) . Intuitively, the antenna with degraded total efficiency caused signal-to-noise (SNR) reduction of the received signals. This affects MUX, which is dependent on the ECC and total efficiency of the antenna elements [20] . For all cases, MUX is observed to gradually increase with the increase of the distance of user's index finger. Meanwhile, Figures 13 and 14 show the average values of ECC and MUX for different finger variations (2 mm for 15 GHz, 1.5 mm for 28 and 60 GHz) on top of antenna elements. It is seen that very low ECC values are obtained for such antenna cases, indicating that such particular clearance between antenna and user's index finger enables moderate amount of energy radiation.
CONCLUSION
In this study, the user effect on a 4-port planar antenna designed for 15 GHz, 28 GHz and 60 GHz mobile terminal antennas is investigated in terms of S-parameter, average RE, average ME and MIMO parameters such as ECC and MUX. The antenna operating frequency is seen to be shifted, along with bandwidth variation, when the index finger is close to the antenna at all frequencies. The antenna RE is observed to be severely decreased with a closer finger-to-antenna distance due to the shadowing by the index finger. This has also caused the decrease in MUX for all antennas. Significant RE and MUX reductions are found when the index finger is placed at a distance between 0 and 2 mm (for 15 GHz), and between 0 and 1.5 mm (for 28 and 60 GHz). This insight allows the designers to effectively enumerate and address key parameters in designing mmWave antennas for mobile terminals in typical user's scenarios. Thus, it will be critical to have at least 1.5 or 2 mm clearance for mmWave antennas intended to be used in the vicinity of users. However, it is also observed that the ME and ECC of mmWave antennas are not significantly affected by the user finger but fluctuate slightly. In the near future, this investigation can be extended to fabrication of the proposed antennas and measurements using a realistic finger phantom model.
